This paper describes a multistage process to improve the completeness and time-/cost-effectiveness of ascertaining deaths in large employee cohorts. The process uses the vital status data service of the Social Security Administration (SSA) to identify people who can be confirmed as living, in order to reduce the number of records submitted for a National Death Index (NDI) search. The accuracy of SSA results is verified by submitting a sample of known-living and known-deceased people. For the NDI search results, an algorithm based on a discrete combination of matching variables is applied to distinguish NDI records as true, false, or questionable matches to reduce the number of death certificate requests to state offices. Subsequent decision making is based on manual reviews at various stages. In a cohort of over 200,000 employees, an SSA vital status search reduced the size of the NDI death record search by 85%. The algorithm sorted thousands of NDI records into 15 distinct strata and reduced the number of death certificate requests by 76%. The authors believe that the matching process is enhanced by obtaining paper copies of death certificates from the states, because death certificates often provide additional information and aid in determining true matches to company employees.
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The purpose of this article is to explain a multistage process to ascertain deaths for large occupational cohort mortality studies. In most peer-reviewed articles on such studies, space constraints do not allow detailed accounts of death ascertainment methods. This article, geared to epidemiologists and computer analysts, aims to share methods developed over several years to improve the completeness and time-/cost-effectiveness of capturing deaths in our employee cohorts. These methods can be applied to nonoccupational cohorts, clinical cohorts, and disease registries in the United States.
The validity of cohort mortality studies rests on comprehensive and accurate accounting of vital status-knowing whether each cohort member is living or deceased. Researchers rely on sources such as the National Death Index (NDI) (part of the National Center for Health Statistics) and the Social Security Administration (SSA) Death Master File and vital status data service. Among the challenges in occupational cohorts are confirming ''living'' status among employees who are separated from the company, ensuring correct matching of public death records to members of the cohort under study, and finding ways to increase efficiencies and control costs as cohort numbers grow and recordlinkage costs increase.
Others have published useful advice in these areas. Some authors report on the effectiveness of using both the SSA Death Master File and the NDI to improve vital status ascertainment (1) (2) (3) . Others have reported on the use of numerically derived algorithms to facilitate the identification of true matches from the NDI (4, 5) .
We wish to add to this literature by offering in-depth information about our experiences using a multistage process to ascertain the vital status of people in large occupational cohorts. We discuss the use of SSA's vital status data in order to confirm living status and the steps taken to verify the accuracy of SSA in identifying people as living. Then, for the death ascertainment process, we present an algorithm to aid in sorting the NDI output of potential matches and determining true matches to company employees. Our algorithm does not use a probabilistic scoring method; rather, it defines discrete combinations of matched variables. We also discuss the necessity of maintaining manual reviews during some stages of the process to ensure quality, despite the time and resource advantages of automation. Although our methods focus on routine NDI searches, we also include information for NDI Plus users (http://openlibrary.org/ books/OL15304711M/NDI_PLUS).
MATERIALS AND METHODS
In the past 25 years, we have performed several cohort mortality studies on smaller, site-specific cohorts in the United States (6-10) and on a larger all-US cohort (11, 12) . Since 1988, data for these studies have been housed in the company's Health Status Registry-a computerized system where appropriate study-related information, acquired from company Human Resources and death records, is maintained and updated for former and current US-paid employees.
Our death ascertainment process has always included routine NDI searches, which allow us to request death certificates from state vital statistics offices. Acquiring death certificates affords several advantages to our studies in terms of the following: 1) aid in matching to a study cohort; 2) confidence and consistency in cause-of-death coding done by a single, expert nosologist; and 3) usefulness of additional information on death certificates for examining decedents for a particular cause of death of interest. Approximately half of our death certificates are obtained internally from company benefit sources, because retirees are eligible for death benefits. However, for employees who separated from the company before retirement, external sources are needed to accomplish complete vital status tracing.
In the next sections, we describe our multistage process. This includes acquiring SSA vital status data to reduce the size of the NDI search and applying our algorithm to the NDI record matches to reduce the number of death certificates to request from the states.
SSA vital status data
Our initial step is to obtain current vital status data from the SSA for all cohort or registry members for whom vital status (living or deceased) is unknown. By identifying those unknown-status people who are confirmed living by the SSA, we avoid the unnecessary costs of including them in the subsequent NDI search. We also submit samples of subjects already known to be living or deceased to test the accuracy of SSA vital status data. Vital status data are requested from the SSA's Office of Research, Evaluation, and Statistics (13) . SSA requires submission of each subject's Social Security number, full name, full date of birth, and sex.
Core database. We begin by creating a working or core database that contains available demographic data on employees in the study cohort or registry, including any current information on vital status. A unique key identifier, other than Social Security number (SSN), is assigned to each individual record. This is important to have throughout the death ascertainment process.
File structure. From the core database, 3 subsets are created containing the following information: 1) all people whose vital status is unknown (i.e., separated/retired and not known to be living or deceased); 2) a random sample of people known to be living (in our cohorts, those who are actively employed) to confirm the accuracy of SSA in identifying living status; and 3) a random sample of people known to be deceased (in our cohorts, those for whom we have death certificates) to test the accuracy of SSA in not falsely identifying deceased people as living (Figure 1) .
Assessment of SSA results. For the group of unknowns, the SSA vital status data, including the vital status code, date of death, and state code, are added to the core database. Those subjects not confirmed by SSA to be living are included in a subsequent NDI search ( Figure 1) .
The samples of known-living and -deceased people are reviewed to assess the accuracy of the SSA vital status data ( Figure 1 ). Among the sample of known living, we calculate the proportion of successfully matched living people as the number of living people identified by the SSA, divided by the number of known-living people submitted in our sample. We expect this percentage to be high, thus substantially reducing the number of records to be submitted for an NDI search. Anyone from the sample of known living who is classified as deceased by SSA is reviewed. It is acceptable if SSA returns a deceased status for a person who died after the study end date.
Among the sample of known deceased, we review anyone who was classified by SSA as living-these people are ''false alives'' (any other status is acceptable) (Figure 1) . We expect the percentage of false alives to be low, which gives us confidence in the ability of SSA to correctly identify people who are living.
National Death Index data
Our next step is to ascertain death information from the NDI. The NDI maintains a complete accounting of staterecorded deaths in the United States and is considered the most complete resource for mortality tracing. For these activities, researchers should become familiar with NDI procedures (14) .
NDI submission file. We submit to NDI all records in the core database whose vital status is unknown (i.e., neither confirmed as actively employed in our records nor confirmed living by SSA, and not previously confirmed in our records as deceased). We suggest including the unique key identifier and SSA data in the free-text user data field. Also, for tracing female vital status, it is recommended to include the father's surname if it exists in the data. NDI performs a straight name match and a phonetic name match; it also provides an opportunity to search on father's surname. If the father's surname is not available, the NDI will automatically compare the last name on the researcher's record with the father's surname on the NDI records.
NDI output. The NDI search generates output files in a standard text file format (Table 1) . We use the NDI ''COMBINED'' file to sort the possible matches. Note that the number of potential matches from NDI will likely be larger than the number of people submitted to NDI.
In order to manage NDI output, which, in our case, contains tens of thousands of records, we have developed, tested, and validated an algorithm to prioritize and select possible NDI matches to our study cohorts. At this point, we deviate from the NDI process and recommend using our algorithm to assign a stratum to each record.
Algorithm for sorting potential NDI matches
The algorithm is based on 15 conditions or criteria for matching selected cohort variables to NDI records, as illustrated in Table 2 .
The first condition (stratum 1) is an exact match, where every cohort variable is in agreement with the NDI record. The next 9 strata (i.e., strata 2-10) focus on matching sex, a specified number of SSN digits, and, in some cases, other specific variables. The remaining strata (i.e., strata 11-15) contain some combination of name and/or date of birth and other specific variables and no SSN matching criteria.
Applying the algorithm. Before describing each step in using the algorithm, we believe it important to note that the original NDI search output consists of many records of potential matches, and there could be more than one potential match for a single individual-a situation referred to as multiple matches. In such cases, the individual will have NDI records classified into multiple strata. As the selection process narrows, the focus shifts from potential matches of records to potential matches for individuals. In other words, an iterative process is used to start eliminating some of the NDI records of individuals who have multiple matches. This process is based on the relative strength of each match for individuals with multiple matches.
We begin by creating a file using the NDI COMBINED file ( Table 1 ). The match-rating algorithm ( -For SSA vital status living, review discrepancies (considered "false alives").
-Any other SSA vital status is acceptable.
SSA Vital Status Confirmed Living
No Further Processing in Figure 2 . This initial assignment into strata examines each NDI record on its own merit, with no reference to other possible matches. NDI records meeting any of the 15 conditions are assigned to the respective stratum, regardless of whether or not other variables, not listed in the criteria, match the NDI record. If an NDI record does not match the criteria for any stratum, it is excluded from any further consideration. This eliminates large numbers of potential matches that do not have to be reviewed. Next, the emphasis shifts, and stratum assignment is reviewed on the basis of individuals. Each NDI record with a stratum of 1 or 2 is flagged as a record to be kept, known as a ''keeper,'' and is automatically added into a keeper database ( Figure 2 ). (Records in the keeper database denote those for which death certificates will be requested from state offices.) However, if an individual has both a stratum 1 and a stratum 2 record, only the stratum 1 record is a keeper. All other associated matches (including stratum 2) for these individuals should be discarded (i.e., no multiple records for these individuals are kept).
For people who did not have a stratum 1 or 2 record, all strata 3-13 records are flagged as keepers, and any stratum 14-15 records for these people are discarded (Figure 2 ). Flagging stratum 3-13 records as keepers can result in multiple potential matches for these individuals being added to the keeper database. For people who only have stratum 14 records, those records are flagged as keepers.
What remains are people with one or more records in stratum 15. A separate stratum-15 database and paper listing are created according to the format of the NDI Retrieval Report (REPORT) ( Table 1 ). This Retrieval Report of stratum 15 is manually reviewed, and some of the multiple records that are obvious mismatches to the cohort may be eliminated (Figure 2 ). Aids in this review may include checking the SSA record for vital status and death state. Those not eliminated are manually flagged as keepers and are added to the keeper database.
NDI Plus users. It is understood that the majority of NDI users rely solely on the NDI Plus service to obtain cause-of-death codes rather than our method of first obtaining death certificates to further assess and adjudicate the many questionable NDI matches that are generated. Although the example we present is not intended for NDI Plus users who do not request death certificates, our approach can still give such users insights on how to assess and finally decide which matches are the true matches that will be incorporated into a study. Once NDI Plus users decide on the true matches among their keeper records, they need to link these matches to the NDI CAUSE file (Table 1) . Finally, a decision must be made about how to ascertain cause of death for those matching records not found in the CAUSE file (i.e., decedents for whom NDI does not consider the match adequate to furnish cause-of-death, based on their probabilistic scoring methodology). In such situations, NDI users should contact NDI staff to discuss alternatives for obtaining cause-of-death data for matches not having sufficient NDI probabilistic scores.
Death certificate requests and processing
Next, we describe the steps for requesting death certificates from individual states and processing the death information, including manual reviews of the death certificates and data entry.
Information regarding individual state requirements, including confidentiality agreements, applications, ethics training, and fees, should be reviewed in the NDI document entitled, ''Obtaining State Death Certificates,'' and confirmed by contacting each state office.
Using the keepers database, we prepared the NDI Death Certificate Request Forms to send to the individual states (REQFORMS) ( Table 1) . We modify this form to include only the death certificates we will request, and we add the stratum number and the unique key identifier to the ''Control No./Data'' field.
A systematic approach is needed for handling death certificates as they are received, since some states may take several months to process a request, and, for large cohorts, it is likely that multiple death certificates will be received for some individuals. We use a tracking database to record when we receive a death certificate or when we rerequest one that we did not receive (Figure 2 ). It is also important to regard all identifying or identifiable data obtained from the SSA, NDI, and state vital statistics offices as confidential information. In our case, death certificates are stored in locked cabinets in a secured, fire-protected vault restricted to study personnel by card-key reader. Electronic files and databases are password protected and also restricted to specific study personnel.
Acceptance of death certificates is based on the degree to which SSN, name, and date of birth on the death certificate match the information on the NDI request form. Death certificates from strata 1 and 2 are automatically accepted from the state without any manual review, except for confirming that the correct death certificate was received. All other death certificates are manually reviewed to determine if they are true matches.
Manual reviews. On the basis of our experience, we provide some general guidance for manual reviews of death certificates. 1) Slight differences in variables may merely represent typographic errors or mistaken information provided by the next of kin. For example, next of kin may give their own or another family member's birth date or SSN instead of the decedent's. It is not uncommon for birth dates to be off by a few digits. 2) For females, a different last name may represent a maiden name or remarriage name. This can often be confirmed by checking other information on the death certificate, such as father's surname or spouse's name. 3) Sex discrepancies should be checked carefully. A sex difference may not always be obvious, because only an initial may have been reported rather than the full first name. This may require a more detailed check of other existing information on that person. In some cases, it will be obvious that the death certificate received is that of the decendent's spouse (i.e., by checking the spouse's name). 4) A large age discrepancy is a clue to rejecting a death certificate. 5) In our studies, if the death certificate mentions a term related to the petrochemical industry, it is more likely that the decedent was an employee and that the death certificate will be kept.
Data entry. The death ascertainment process continues with coding the death certificates, including those from company benefit sources and those accepted from the states, by a nosologist trained by the National Center for Health Statistics. Selected information from each coded death certificate is entered into a data-entry system; this is done independently by two different study personnel as a quality-control procedure. Any discrepancies are resolved by reexamining the actual death certificate.
Updating the study cohort or registry
The final step is to incorporate accepted death information into the study cohort file or registry. Acceptance is determined by matching the SSN, last name, and a combined field containing last name, maiden name (if one exists), first initial, sex, race, and date of birth from the death certificate and the core database. The results are quantified by scoring each match and producing an accept/reject report. Exact matches are assigned the highest score (999999) and are automatically accepted. Lower-scored matches are manually reviewed by using additional employee demographic and work history information.
RESULTS
Examples of results are from independent SSA and NDI searches conducted for cohort mortality studies of US-paid employees. We submitted a sample of 1,342 records of people in our Health Status Registry who were known to be living. The SSA confirmed 1,306 of these records as living (97% agreement). The SSA falsely identified 0.2% as deceased (usually deceased after our study period) and was unable to determine a match or vital status for the remaining sample.
We also submitted a sample of 10,360 records of people known to be deceased in our Health Status Registry. The SSA confirmed 9,668 of the records as deceased (93% agreement). Less than 0.05% of the known deceased sample Gather all keepers from each stratum.
Create tracking database.
Print State Death Certificate Request Forms (2 copies, one to send to states and one to retain for death certificate receipt quality check). was falsely identified as living by SSA. For the remaining records, the SSA could not determine a match or vital status.
Identifying unknown vital status through SSA tracing
We submitted 152,097 cohort records of people whose vital status was unknown to us. As presented in Table 3 , the SSA search identified 129,998 people as living (85%), 4,347 were identified by the SSA as deceased, and 13,269 had unknown vital status.
On the basis of the test of SSA accuracy in identifying living status (noted above), we were confident in accepting SSA's determination that these 129,998 people in our cohort were indeed living, and this reduced the number of people in our NDI submission by 85%. The cost savings was 129,998 3 NDI cost per person per years of follow-up (minus the average SSA cost per record).
Applying the algorithm to potential NDI matches Table 4 illustrates an example of applying our algorithm and manual review processes to identify potential NDI matches. As shown in Table 4 , for one of our NDI submissions, a search of 22,304 study individuals with unknown vital status resulted in 50,528 potential NDI matches (on 10,442 individuals). No potential NDI matches were identified for the remaining 11,862 study individuals we had submitted (Table 4) . Table 4 , columns 3 through 7, shows the progression of reducing the number of potential NDI matches by use of the algorithm. Beginning with column 3, the table shows how application of the match-rating algorithm resulted in a reduction of possible NDI matches from 50,528 to 12,094 records (76% of NDI records eliminated). Our elimination process for the strata, including the manual review of records in stratum 15, resulted in a further reduction of possible NDI matches from 12,094 to 4,580 records (62% fewer records) (column 4). As previously noted, a routine NDI search often results in multiple NDI matches for study individuals, especially in large cohorts. By selecting the NDI records that have met the strongest criteria (i.e., stratum 1 over stratum 2 and so on), the number of potential NDI matches is reduced, thus lowering the overall number of death certificates that need to be requested from the states. Column 5 indicates that approximately 4% of the death certificates requested from the states were not matched or found by the states. Note that there are few potential matches that are rejected at later stages in the process (columns 6 and 7); this attests to the importance of the multistaged, combined, automated/manual processes needed to arrive at true matches.
DISCUSSION
In order to maintain an employee registry and mortality surveillance program, it is important to have accurate and complete death information. This can be challenging in large occupational cohorts, which may be updated approximately every 10 years. Without a systematic approach, tracing mortality status for several thousand employees over several decades can be an arduous and expensive task.
For large cohorts, cost and effort savings are significant if SSA information is used to confirm living status among a large proportion of the cohort so that far smaller numbers have to be submitted to the NDI. This strategy is possible because we have consistent, reliable SSN information for members of our cohorts. It is also important to check the validity of the SSA exercise; our samples of knowndeceased and known-living people verified a high degree of accuracy. In our example, the 0.2% of subjects falsely classified by SSA as deceased does not impact our process because these people would be submitted to the NDI, and the 0.05% of subjects falsely classified by SSA as living is considered to be a low error rate.
The process continues with a match-rating algorithm that is used to reduce the multitude of possible matches received from the NDI. This process classifies and eliminates matches according to the strength of the match as follows:
1. Any record that does not meet the algorithm criteria is eliminated; this is generally a large proportion of records (76% of them in our example). 2. Strata 1 and 2 are considered sufficiently strong matches to eliminate from consideration any other potential matches for those individuals. 3. Matches for strata 3-14 are of medium strength and, because their numbers tend to be small and manageable, no manual review is conducted and all death certificates are requested automatically. 4. Stratum 15 matches are of lower strength, so they are manually reviewed to hand-select those that appear to be at least possible matches to our cohort. Researchers can evaluate whether or not stratum 15 matches are This table presents numbers from an actual routine NDI search. The original submission to NDI consisted of 22,304 people of unknown vital status for whom matches to death records were sought. The NDI returned 50,528 records as potential matches to 10,442 of the 22,304 individuals. No potential matches were returned for the remaining 11,862 of the 22,304 individuals. After applying the algorithm, 12,094 of the original 50,528 NDI records met the criteria and are listed in column 3 in stratum order. Some of the 12,094 NDI records were multiple records for the same individual(s). The 12,094 NDI records were further reduced by using the process described in this paper. As a result, 4,580 NDI records were designated as ''keepers'' and were sent to the states to request death certificates (column 4). In this example, the states returned 4,386 death certificate records (column 5). By performing a manual review of the death certificates from stratum 3 to stratum 15, the number of potential NDI matches was further reduced to 3,157 records (column 6). After data entry, comparisons were run against demographic and work history employee files to validate a match to the study cohort, with manual reviews as needed. This resulted in final acceptance of 3,033 death certificates (column 7) into the study cohort.
b Of the 50,528 possible NDI matches, only 12,094 satisfied the criteria for strata 1-15 while the remaining 38,434 possible NDI matches did not satisfy any criteria. c More than one death certificate can be ordered per subject.
beneficial; in our example, only 6 decedents in stratum 15 were correctly matched out of approximately 1,000 records. Although complete death ascertainment is important in any mortality cohort study, efficiency and practicality also need to be considered.
We cannot overstate the importance of understanding NDI procedures for submission and the NDI matching criteria. Depending on the type of search being requested (e.g., a routine NDI search, repeat routine searches, or an NDI Plus search), there will be differences in the procedures, NDI record output, and fees. Researchers are encouraged to review the NDI guidelines in the user manual before submitting requests and to contact the NDI for guidance.
We established processes and rules for the manual reviews to take place at the following stages: 1) prior to state requests (only stratum 15s); 2) upon receipt of death certificates from the states (strata 3-15s); and 3) during acceptance into a study cohort or registry. Having death certificates as an integral part of the ascertainment process increases the quality of our manual review and accuracy of accepting true matches. Our premise is that there are a number of instances where the match is not obvious, and the decision process is enhanced with comparison of 2 or more death certificates before selection. It follows that the possession of more than one possible death certificate for some individuals increases the need for a tracking database to keep the electronic and paper processes organized.
In conclusion, we have tried to achieve high-quality death ascertainment through both manual and automated processes that are easily documented for quality assurance purposes. These methods can be applied to other large cohorts and disease registries and are useful for NDI routine searches and NDI Plus searches.
